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AVAILABILITY OF MINERAL PHOSPHATES FOR PLANT 

NUTRITION ' 

By W. L. BusLiBON, 

AttociaU PnfttiOT, Crop Production, AgriatUvml CoUegt, and AsiociaU Chief, Crop 

Production, I llinoit Agricultural Exptrimtnt Station' 

INTRODUCTION 

Phosphorus is the key to peimanent systems of agriculture for a lai^ 
portion of the common soils of the com belt. These soils contain, as an 
average, 5,000 pounds of nitrogen, 1,200 pounds of phosphorus, and 
3S,ooo pounds of potassiufaifor the surface soil to the depth of 6^ inches. 
If the land were producing com at the rate of 100 bushels per acre, the 
nitrogen would be sufficient for 50 crops, the phosphorus for 70 crops, and 
the potassium for about 1,842 crops. The nitrogen supply can be main- 
tained by the growth and judicious management of leguminous crops. 
Potassium is present in quantities adequate for many years. With 
phos^dioms the problem is different. This element can not be gathered 
from the soil air by legumes; nor is it one of unlimited supply. When 
once removed, phosphorus must be returned to the land in crop residues, 
in farm manures, or in commercial fertilizers which contain phosphorus. 

^nce the introduction of commercial fertilizers, more or less discussion 
has been carried on concerning the value of insoluble mineml phosphates 
as a source of phosphorus for the nutrition of plants. In Europe {28, 
p. 329)* the highest authorities on agricultural problems have discouraged 
the use of insoluble phosphates, while in America scientists and practical 
men have disagreed. Investigations which have been conducted on the 
use c& insoluble minerals are by no means conclusive. Therefore it is 
the purpose of the work reported in the following pages to throw more light 
on this question, which is of so great economic importance and scientific 
significance. The subject matter will be presented according to the fol- 
lowing dividens: 

I. Review of literature regarding the availability of phosphate minerals. 

II. The availability of phosphorus in Tennessee brown rock phosphate 
for wheat (J'riticitm wlgare), oats {Avena iativa), rye {Secaie cereaU), 
barley (Hordeum sativum kexastickon), cowpeas (Vigrta catjang), soybeans 
{Glycine hispida), timothy {PMevm praiense), red clover (Trifolium 
praiense), tmd alfalfa {Medicago saliva). 

1 ThUpaptr 1» lubniiWal in pttial fulfillnmit ci the nquiraiiBitt for ibe decree cJ noctorof Fhiloiophy 
In Agnaomy in the Gndoate Sdiool of the Unirsvitir c< lUinali. 191 j. 

* The author wiiho to ^p mi hu iippT«cvticn fur the ansffestiovis imd cncoumgeiwiit tmdend by 
Dr. C C. Hopklai hhI Di. A. L. Whhiiis, of the Illinais Bxpoimait Station. 

■ Kdcmce 1) Bude by nnmba to " Ijtenture dUd," p. ;i j-{i4- 
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III. A comparative study of the productive powers of ax mineral 
phosphates for farm crops. 

IV. The influence of fermenting dextrose and crop residues on the 
availaUlity of phosphorus in finely ground rock phosphate. 

V. The influence of the size of particles on the availability of phos- 
phorus in mineral phosphates. 

REVIEW OF LITERATURE 

The availability of mineral phosphates for plant nutrition has been 
under investigation at various institutions for more than half a century. 
Among the earlier scientists who attempted to determine the availability 
of the phosphorus in mineral phosphates was Dyer (4), who found that 
undissolved phosphate produced better returns than dissolved phosphate 
for swedes and oats. Frear (5) studied the comparative value of various 
phosphorus carriers for farm crops. Finely ground bone and reverted 
phosphate produced the largest number of mature stalks of com, 
and finely ground bone, the highest yield of ears. Superphosphate 
and certain mineral or raw phosphates were put in field trials by 
Johnson (9), and for com, dissolved bone black was superior to others 
tested. Bishop (i) grew soybeans in pot cultures and concluded that 
concentrated phosphate and acid phosphate were more desirable than 
Florida soft rock and iron and aluminum phosphate. Equivalent 
amounts of different carriers of phosphate were employed by Hess (7) 
in a 4-year rotation of com, oats, wheat, and grass. Finely grotmd booe 
gave the highest yields of wheat, with raw rock second. Ground bone 
was most effective for com, while for oats insoluble ground bone seemed 
to be satisfactory. South Carolina rock was very useful for clover. 
Jordan (10) conducted two experiments at the Maine Station with 
different forms of phosphate. In the first experiment the minerals were 
applied in equal quantities. For the first two years the add phosphate 
gave the highest returns, but later bone meal took the lead. Raw rock 
was only about half as productive as the other two. In the second trial 
equal money values of phosphates were applied; and the author points 
out that, with but one exception, the raw rock gave larger returns than 
add phosphate. The work of Jordan, previously mentioned, was con- 
tinued by Merrill (15), who used pure sand cultures in the greenhouse. 
Two facts are dear from Merrill's work. First, plants differ widely in 
thdr power to assimilate phosphorus from different phosphates. Second, 
turnips and mtabagas gave almost as good results with raw rock phos- 
phate as with add phosphate. Later, at the New York Station, Jordan 
(i i) continued the work which he had begun at the Maine Station. His 
results are in accord with the work previously reported by himself and 
Merrill. 
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In 1890 Goesstnan (2) outlined what has since become a most exten^ve 
investigation, conceming the availability of phospbate minerals. In 
reporting on this work Brooks says {3, p. 104) that — 

It is possible to produce profitable ctops of most Idads by liberal use of natural 
pbospbates, and in b long series d ytats there might be a consideTable money saving 
in depending, at least in part, upon these rather than upon the higher-priced dissolved 
phosphates. 

Results from a second series of experiments begtm in Massachusetts in 
1897, along the same line as that outlined by Goessman, indicate that 
phosphatic slag was "exceedingly available for crops, but the Florida 
soft phosphate was very inferior. For certain crops. South Carolina 
rock gave surpri»ngly good returns * * *." 

Prianishnikov (zo) states that lupins and peas have a very marked 
ability to obtain phosphorus from natural phosphate, while wheat and 
oats must be assisted by the solvent powers of the soil or they can not 
produce nonnal crops. Schloessing (32) concludes from his experiments 
that it is not necessary that phosphate should be in a state of solution, 
since the roots of plants are able to dissolve the phosphorus compounds 
without the intervention of water. 

Patterson (18) reports results, based on a study of various phosphates, 
which indicate that reverted phosphate gave the highest average yield 
for com, wheat, and hay. South Carolina rock phosphate produced 
slightly better yields than bone black, and Florida soft rock phosphate 
was quite available for wheat. Wheeler and Adams (30, 31, 33) found 
raw phosphate profitable for peas, oats, crimson clover, and Japanese 
millet when used on unlimed land ; but for flat turnips, beets, and cabbage 
it gave poor yields. They are of the opinion that rock phosphate is likely 
to be most useful when applied to moist soils rich in organic matter, 
where legumes, com, and "possibly wheat and oats are to be grown." 

Thome (24, 25), of Ohio, in 1897 inaugurated a very extensive study 
of the comparative value of raw rock phosphate and acid phosphate used 
in conjunction with manure. Where, in computing the yields of com, 
wheat, and clover, he took the average of all the unfertilized plots as a 
basis for comparison, he reports (24, p. 18) — 

By this method of calculation the average increase on Plots 3 [floats plus yard 
manure] and 3 [floats plus stall manure] combined is found to be practically the same 
as that on Plots 5 [acid phosphate plus yard manure] and 6 [add phosphate plus stall 
manure) combined, but when the larger cost of the acid phosphate, is deducted the net 
gain is a little greater on Plots i and 3 [nith raw phosphate]. 

By another method of computing the increase he obtains results less 
favorable to raw phosphate. 

Truog (27) has demonstrated rather clearly that fann crops are ■(tri- 
able in their ability to secure phosphorus from different sources. Nine <A 
the ten crops tested by him made a better growth on aluminum phos- 
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phate than on calcium phosphate, and "six made better growth on iron 
phosphate than on calcium phosphate." 

Under the direction of Hopkins (S), the Illinois Experiment Station Is 
conducting probably the most extensive investigation of any in the 
world on the use of rock phosphate. Some of the most interesting 
results were obtained from a field near Galesburg, Knox County, 111., on 
brown silt loam prairie soil. 

Phosphorus applied in fine-gnnind natural n>ck phosphate in pait as top dresang, 
ud with no adequate provision for decaying organic matter, paid only 47 per cent on 
the investment as an avenge oF the first three years. But it diould be kept in mind 
that the word ittvestmtni is here used in its proper sense, for the phosphorus that was 
teiDoved in the increase produced was less than i per cent of the amount applied, 
and that removed in the total crops less than one-third. During the last six yeais, 
however, the phosphorus has paid 130 per cent on the investment, even thou^ two- 
thirds of the application remains to positively enrich the aail (S, p. 15). 

Newman (16) investigated the use of floats with and without cotton- 
seed meal. He found a marked increase in availability where organic 
matter was used in conjunction with the mineral phosphate. Later 
experiments by Newman and Clayton (17) confirmed the above results. 
Lupton (13} continued the work of Newman, but used add phosphate as 
a check on the raw rock phosphate, both with and without organic matter. 
His results are also in accord with Newman's earher experiments. Where 
floats were mixed with cottonseed meal and allowed to ferment, the data 
seemed to show that the fermentation of the material had very little, if 
any, influence on the availability of the phosphate. Pfeiffer and Thur- 
man (19) found no beneficial results from composting raw rock phosphate 
with decaying organic matter. In Canada (23) fermenting manures 
were found to have only slightly solvent action on composted rock 
phosphate. 

Hartwell and Pember (6) mixed fresh cow manure and floats and 
allowed them to ferment. They feel that there was practically no 
increase in the availability of phosphorus in the floats. McDowell (14) 
also found no increase in the availability of phosphate in finely grotmd 
rock phosphate by composting the mineral with cow and horse manure. 
Tottingham and HoSmann (26), following the same line of investigation 
as that which McDowell observed, actually found a decrease in water* 
soluble phosphorus, but the results were similar with add phosphate. 

Krober (is) was unable to find any increase in availability of mineral 
phosphates by composting with sawdust and allowing fermentation to 
proceed. Truog (27} believes that fermented manure has a slightly 
solvent action on crude phosphate. He also points out that a uniform 
distribution of the phosphate in the soil will give much better results 
than that poorly distributed. 

Krober (12) shows that the add-forming bacteria and yeasts are c& 
great value in rendering some of the phosphorus in insoluble phosphate 
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available. He makes the statement that carbon dicudd was more active 
than other adds in this respect. 

The degree of fineness plays an important part in the availability of 
the crude phosphates. Jordan (11) pioves this quite conclusively. 
He procured better results from the phosphates which were ground to 
an impalpable powder. Analysis of the plants showed an increase in 
the proportion of dry matter to phosphorus as the size of the particles 
decreased. Voelcker (29) in some of the earliest work says that the 
efficiency of insoluble caldum phosphate depends upon the minuteness 
of division; the finer the partides the more energetic will be its action. 

EXPERIMENTAl. WORK 
MEDIUM FOR PLANT GROWTH 

Pure white sand was used throughout these experiments as a medium 
for plant growth. For most of the work this material was leached with 
a dilute solution of hydrochloric add for three days to insure the removal 
of plant food. The sand was then washed with distilled water until 
there was no trace of add in the drainage solution. Next it was placed 
on dean paper until dry, when it was sifted, in order thatfordgn partides 
might be removed. Samples were collected for a phosphorus determina- 
tion from each lot of sand washed, but in no case during the progress of 
the study was the slightest trace of phosphorus detected. 



Two sizes of pots were used in this investigation. When it was neces- 
sary to grow the crop to maturity, the small glass battery jais, approxi- 
mately 6 inches in diameter and 8 inches in height, proved very satis- 
factory; but when a grain crop was desired, the 4-gallon stone pots were 
more suitable. All jars were supphed with adequate drainage. 

For the cultures grown in the winter the pots were covered with a 
coat of black paint, but for the summer series a white coat was placed 
over the black. The black paint prevented the growth of algx and the 
white had a tendency to keep the temperature from becoming excessive 
within the jars. This precaution was dearly justified, for upon several 
occasions there was a difference of 5° to 10° in temperature between the 
black and white pots, 

KINDS OP CROPS GROWN 

Wheat, oats, rye, barley, timothy, cowpcas, soybeans, dover, and 
alfalfa — nine common crops that are cultivated on Illinois farms — ^were 
grown under various treatments for this investigation. High-grade 
seed from the previous season's crop was sdected for planting, and 
in all cases the grains were treated with a solution of formalin to 
prevent smut. 
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In planting the seed special care was exercised in order to obtain a 
perfect stand, and in only a few instances was there a failure to get the 
proper number of plants for each pot. It seems in keeping with accurate 
methods of research to plant more seeds per pot than would be required 
for a perfect stand if they all germinated. It is safer to remove the 
extra plants than to transplant or reseed, and the plants are more likely 
to be uniform if it is possible to make some choice in thinning them down. 
An exact record was kept of the number of seeds planted, and all those 
which failed to germinate were dug out. 

For inoculating the legumes, nodules from the same crop as the plant 
to be infected were crushed and placed in i liter of distilled water, and 
ID c. c. of this solution were applied to the zone nearest the seed. If the 
nodules were not available, 300 gm. of soil from a field where the respec- 
tive legumes had been grown were well shaken with 500 c. c. rf water, 
filtered, and 10 c. c. of tliis solution were applied in the same manner as 
indicated above. 

PLANT FOODS 

The first application of plant food was made when the crops were 
planted, the others at intervals of two weeks. The plant foods were 
made up in the following manner: 

Nitrogen : Dissolved 80 gm. of ammonium nitrate, 50 gm. of potassium 
sulphate, and 20 gm. of magnesium sulphate each in 2,500 c. c. of dis- 
tilled water, and o.i gm, of ferric chlorid in 250 c. c. trf distilled water. 
A standard application of these plant foods was 10 c. c, of each of the 
first three and i c. c. of the last diluted as desired. .In no case was the 
solution applied in a concentrated form. 

MOISTURE SUPPLY 

Throughout the first period of these experiments, the water content of 
the sand was maintained at 14 per cent by weighing the jar each week. 
This phase of the details became so burdensome that it was omitted. 
The method was not accurate, at least during the latter period of growth, 
because of the irregularity in plant development due to different treat- 
ments. Some pots gave off more than 10 times the quantities transpired 
from others. Satisfactory results were obtained by watering the pots 
when they needed a supply of moisture and no difficulty was experienced 
in determining the point where the water content of the sand ivas below 
normal. 

Whenever weather conditions would permit, the pot cultures were 
placed on trucks and removed to the cage out of doors. 

TIMB OF HARVBSTING AND HANDLING THE CROP 

The time of harvest was governed largely by the condition of the 
experiment. However, in most instances the same factors which control 
the time of harvest in general farm practice held true here. The grain 
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crops developed to full maturity, wbile the clover and alfalfa were cut 
for hay. Conpeas and soybean's grown during the winter months were 
cut for hay, but those planted in the spring produced a seed crop. 

Complete data on time of blooming, time of heading, number of plants, 
number of stems, and height of plants were collected for a comparison 
which might be of value in interpreting results, although such records 
will be omitted from this paper. The total weight of grain and straw, 
together with photographs, will suffice for drawing conclusions. 

After harvesting the pot cultures, the materials were suspended in 
cheesecloth bags from the roof of the greenhouse for a period of two 
weeks. This was sufficient time for the product to come to a constant 
air-dried condition. Usually two weighings at an interval of two days 
were made as a check to insure accurate results. 



The plants were first cut fine and then ground in a steel mill until the 
particles would pass a sieve of 80 meshes to the inch. Next, the materials 
were thoroughly mixed and samples taken for analytical purposes. 

The method for the determination of pbospboius was essentially the 
Pemberton outline, with slight modifications. 

Two gm. of the sample ' were weighed out and moistened with calcium 
acetate. The sample was then dried in an electric oven and afterwards 
transferred to a muffle and there remained imtil the product was burned 
to a white ash. The ash was taken up with 5 c. c. of nitric add and 
heated on a water bath for several minutes. It was necessary to filter 
to remove any silica present. From this point the regular procedure 
followed in the volumetric method was observed. 

The mineral phosphates used in this investigation represent six types 
from different sections of the United States and Canada. Tiie total 
phosphorus and the phosphorus soluble in citric add are reported in 
Table I. 
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AVAILABILITY OP THB PHOSPHORUS IN TENNESSEE BROWN ROCK 
PHOSPHATE 

This series comprises a study of the ability of different crops to secure 
phosphorus for growth from Tennessee brown rock phosphate without 
the aid of decaying organic matter. The literature indicates rather 
dearly that crops differ widely in this respect, but there is but very little 
direct information from trials conducted under controlled conditions 
where sand was used as a substitute for soil. The suggestion has been 
made, also, that there is slight increase in the yield with large applica- 
tion of phosphate. The object of the series reported in Tables II to VI 
is to present new information on these two important points. 

The pots used were the large, glazed 4-gallon jars into which could be 
placed 32,000 gm. of sand (PI. LXXIII, LXXIV, LXXV). In this case 
the sand was not leached with dilute acid, but was washed for several 
days with distilled water. The rock phosphate was ground sufficiently 
fine to pass through a sieve of 1 00 meshes to the inch. On March 20, 1914, 
the pots were seeded; and after the plants had made satisfactory growth, 
they were ttuimed to 15 to each jar. 

TablS II. — Dry matter and phoiphonu conttni of plant products frotn iditaland oatt 
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soybeans — Continued . 
; SOYBEANS HARVBSTED ON JUNS lO, IQI4 
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Table VI. — Dry mailer produced by spring rye and barUy — sei 
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Probably the most striking point shown by Tables II to VI is the gradual 
increase in the yield of both grain and straw from wheat, oats, and barley 
and in the bay from rye and timothy. In all cases larger applications of 
phosphorus gave higher returns, though not always in the same degree. 

The grain yield of wheat is espedally interesting. Eleven gm. of 
Tennessee brown rock phosphate produced 1 .2 gm. of grain, while double 
this application produced 4.05 gm., or almost four times the yields from 
the light-application pots. Pots 7 and 8, which received 6 times as 
much phosphorus as pots 3 and 4, produced approximately 1 1 times as 
much wheat. Pots 9 and lo received 20 times as much phosphorus as 
pots 3 and 4, but gave in return only about 14 times as much grain. 
Scarcely more evidence is necessary to show that wheat is able to take 
its phosphorus supply from Tennessee brown rock phosphate. It is also 
evident that the rate of yield is to a certain degree dependent upon the 
rate of application of the fertilizer. In the case of the heavy application, 
there were indications that the size of the pot was a limiting factor. 

Oats responded more uniformly to the phosphate application than did 
wheat. The average yield of grain for pots 13 and 14 was 4.6 gm. ; pots 
15 and 16, which received double the quantity of phosphorus supplied 
to pots 13 and 14, yielded less than twice the amount of gr^. For the 
highest application there is still a larger difference in the phosphorus 
applied and the crop produced, due, no doubt, to the limited size of the 
pot. The yield of straw followed about the same rate of increase as the 
gnun. 

Spring rye was not able to endure the heat of the sumjner days, and 
at the time of harvest growth had almost ceased without producing a 
single grain. The hay yield shows a gradual increase in dry matter 
as the apphcation of phosphate rock was increased. 

The yields from barley are not so consistent as those reported for 
wheat and oats. However, in all probability the same uniformity 
would have resulted had the crop not been attacked by smut. Although 
pots 34, 35, 37, 38, and 39 were badly affected, there was a gradual 
increase in grain and straw as the application of phosphorus increased. 
A yield of even 18 bushels for barley is not altogether unsatisfactory. 

The data on timothy are no less interesting than^those on the growth 
erf the cereals, because of the opportunity to study the yields of the 
various cuttings. Timothy displays the same tendency to produce 
larger returns for greater quantities of phosphorus applied to the sand. 
For each pot there was a,gradual decrease from the first to the last 
cutting, althimgh the drop was less abrupt between the first and second 
than between the third and fourth cuttings. 

Contrary to what might be expected the legumes respond to phosphate 
treatment no better than do the cereals. Perhaps on the whole this 
latter group produced larger gains than the former. 
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The results from the cowpeas show some points of particular interest. 
There was scarcely any seed produced for the pots to which 1 1 and 22 gm. 
of raw rock had been applied, but there was a decided increase for the 
pots which received 66-gm. applications. The next treatment, which 
was 220 gm. per pot, showed a slight increase, approximately 3 bushels 
per acre- For the cowpea hay the results are very similar to the seed 
yield. There is not a very marked increase in the hay production until 
the larger applications are made. The pots which received 66 gm. 
produced nearly as much hay as the pots which received 220 gm. of rock 
phosphate. 

Cowpeas do not give results that correspond with those from soy- 
beans. In the first place, the no-treatment pots produced a significant 
quantity of soy-bean seed, the yield on the acre basis amounting to 2,64 
bushels, while the returns from the pots receiving the lat^est applica- 
tion just about quadrupled those from the former. The ratios for the 
yields of hay are about the same as for the grain. The yields for both 
seed and ha.y in the case of soybeans are unsatisfactory, which is not 
true of the cowpeas. It would seem that the latter legume utilizes rock 
phosphate better than soybeans. 

To the practical ^ricultuiist the returns from red clover will prove of 
considerable interest. It will be observed that the lowest treatment, 11 
gm. per pot, produced hay at the rate of 772 pounds per acre. With 
double the application a little less than the former yield is recorded. 
When the lowest application is increased to six times the original amount, 
the yield of hay is increased about three times. The largest application, 
which was 20 times that of the lowest, produced practically 10 times as 
much hay as the first treatment. The above figures are for the first 
cutting only. 

For the second harvest the relative yields of the 22- and 66-gm. treat- 
ments are more satisfactory than for the first cutting. It will be observed 
that the yield of the pots with ii-gm. applications and those with the 
220-gm. applications bold the same relation for the second cutting as for 
the first. No direct comparison for the third cutting should be made, 
because pot 79, just previous to cutting, was attacked during a single 
night by a large cutworm which did considerable damage to the growing 
crop. It is true, however, that there had not been as much difference 
in the growth on the high-treatment pot as had been observed earlier in 
the season. The total yield for three cuttings for the heaviest application 
is large, but it can hardly be said that the pots which received 22 gm. 
of rock phosphate produced unprofitable jHelds. 

Because of its exten^ve root system alfalfa would be expected to 
produce greater yields than clover. However, the difference in this 
experiment is not so marked. From four cuttings of alfalfa the yield of 
hay from thelowest treatment was 5,451 pounds, as against 1,819 pounds 
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of clover from tlie same treatment for three cuttings. For the next 
higher treatment the comparison is 6,426 pounds of alfalfa to 4,674 pounds 
of clover. The yields are approximately the same for the third applica- 
tion, but for the heavy treatment the clover almost doubles the yield 
from the alfalfa. Special attention is called to Plates LXXIII, LXXI V, 
and LXXV. 

In drawing conclusions from an investigation of this kind the actual 
growth of the plant must be regarded as a most signiiicant factor. How- 
ever, an analytical study of the crops harvested can not fail to t>e of great 
value. Since phosphorus is the element with which this paper chiefly 
concerns itself, quantitative determinations were confined to that 



The determinations show that in practically all cases phosphorus is the 
limiting element in production. In every instance the dry matter 
increased as the phosphorus content of the pot was increased; also the 
quantity of phosphorus assimilated increased as the dry matter increased. 
The percentage of phosphorus in the plant in the majority of cases 
increased as the application of raw rock grew larger. This is especially 
noticeable in the hay crop. The most notable exceptions ^vere observed 
in wheat and oat straw. There is no definite relation in the quantity of 
phosphorus applied and the percentage assimilated by the crop. There 
was a slight tendency in the grain for the percentage removed to decrease 
as the application was increased, but for the legumes this ratio does not 
hold. As high as 2.49 per cent of the phosphorus supplied in raw rock 
phosphate was removed in one season's growth of alfalfa. 

COMPARATIVE STUDY OF THE PRODUCTIVE POWERS OF SIX MINERAL 
PHOSPHATES 

The results from Tennessee brown rock phosphate proved so interesting 
that it was planned to determine the comparative value of mineral phos- 
phates from the various mines of America. For this purpose Tennessee 
brown rock phosphate, Tennessee blue rock phosphate, South CaroUna 
land rock phosphate, Utah rock phosphate, Canadian apatite, and Florida 
soft rock phosphate were selected. 

The materials were ground so that all particles would pass through a 
aeve with 100 meshes to the inch and were applied in quantities which 
contained equal amounts of phosphorus for a given set of pots. Clover, 
oats, and cowpeas were grown with these different phosphates. 

Because of limited space the small battery jars into which could be 
placed conveniently 4,800 gm. were selected for this rather extensive 
trial- Without crowding, eight plants per pot could be grown 
(PI. LXXVI), Table VII gives the quantity of the phosphate applied 
and the yields of the crops in question. The planting was done on 
October 3, 1914, and the crops of clover were harvested on March 5 
and April 9, 1915, while the oats were cut on February 5, 1915. 
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Table VII.-— Dry matter produced by different kindi of m 
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J- 30 
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In the foregoing series the greatest contrast is shown by the clover in its 
response to Tennessee brown rock phosphate and Canadian apatite. With 
brown rock the yield advanced rapidly with each increase in the amount 
of phosphate apphed; but apatite, even with repeated plantings, failed to 
produce growth. South Carolina land rock phosphate proved better than 
apatite, but the growth for this treatment was very irregular. Utah 
phosphate excelled the South Carolina land rock phosphate. Except for 
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the lowest treatment, Tennessee blue phosphate gave fairly satisfactory 
yields. Florida phosphate for the three treatments gave almost as good 
retunis as the Tennessee brown rock. Attention is called to the com- 
parative yields of the Florida rock for the lowest and highest treatments. 
In this case a smaller quantity of the soft phosphate gave almost as large 
returns as the greater supply. 

n red clover 



Canadian apatite . . 



South Carolina land rock . 



30.31 



TetmeMee blue rock. . 



30.84 

so. 84 
63. 53 
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Under greenhouse conditions it was extremely difficult to secure a seed 
crop of oats during the winter months; hence, the differences of produc- 
tive power of the various phosphates must be measured by the yields of 
straw. In a general way the results obtained in this manner are in har- 
mony with those reported for clover. The brown rock excelled the other 
phosphates in the production of hay; blue phosphate ranks second; and 
where apatite was applied it will be observed that the plants made very 
little growth, Plate LXXVI indicates greater difference in the growth 
of clover than the dry weight of the top. 

The above data indicate that there was an increase in yield as the 
quantity of phosphorus was increased. The question naturally arises 
as to the point at which larger applications of rock phosphate failed to 
produce greater returns. In order to answer this query, the following 
results are inserted (Table VIII): The lowest treatment in the table is 
about the same as the highest application in series two. This set of pot 
cultures was planted on August 37, 1914, and harvested on December 
4. 1914- 

By referring to the clover in Table VIII, a comparison of the yields 
shows nothing particularly in favor of excessive quantities of rcx:k phos- 
phate. One point, however, is of interest, and that is that the oats pro- 
duced a seed crop on the land with the heavy application of brown rock. 
The hay on the other pots was scarcely more than could be produced by 
the phosphorus in the seeds planted. 
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Soon after the clover was harvested in series 3, these pots were seeded 
to cowpeas. Cowpeas were planted to determine the ability of this 
legume to utilize the phosphorus contained in mineral phosphates. The 
cultures were seeded January 24, 1914. and harvested April 5, 1914 
(Table IX). 

The results secured for series 4 are in accord with those from the 
clover and oats grown on the pots with large applications. The pots to 
which had been added brown rock phosphate produced a good return of 
cowpea hay after having given satisfactory yields of clover. 

The data presented in the previous tables show conclusively that cer- 
tain species of plants have the power to obtain phosphorus from brown 
rock phosphate, but how they acquire this element is the problem of 
vital concern. Do they secure their phosphorus without indirect aid 
and what influence do other plant foods appUed In a soluble form exert 
on the phosphorus compouads? 

It will be remembered that the sand cultures were maintained at a 
moisture content of 14 per cent. The plant food application, the infusion, 
and the water added when the seeds were planted constituted the first 
moisture supply; or, in other words, all these solutions brought the 
water content up to 14 per cent. In most of the cases five applications 
of plant food were sufficient to produce a crop of clover or oats. 

To estimate the influence of water and plant-food solutions on the 
solubility of the phosphates, quantities of raw rock which correspond to 
the smallest application (1.81 gm.), soluble plant food equivalent to 
five applications, and water sufficient to bring the supply of the solu- 
tion to the same amount that was necessary to bring the moisture con- 
tent to 14 per cent, or 672 c. c, were placed in a i-Uter flask and shaken 
each day for three months. The soluble phosphorus wais then deter- 
mined with the results shown in Table X. 

Table X.— r*e influe 
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The solutions dissolve very little of the phosphorus from the insoluble 
phosphate. 

Brown rock phosphate and Florida soft rock phosphate gave the best 
results with clover, but the former was very much better suited for oats 
than the latter. There is a slight indication that phosphates which are 
more soluble in water are more easily as^milated by plants. 

THE INFLUENCE OF FERMENTING DEXTROSE AND CROP RESIDUES 
ON THE AVAILABILITY OF PHOSPHORUS IN FINELY GROUND ROCK 
PHOSPHATE 

Though the data are not conclu^ve, a large ntimber of field experiments 
conducted in America show that raw phosphate, when applied in con- 
junction with organic matter, produces very appredable increases in 
crop yields. The work which follows is an effort to determine the in- 
fiuence of decaying substances on the av^lability of the phosphorus in 
crude phosphate rock. Dextrose was employed because it ferments 
rapidly under greenhouse conditions. Crop residues are also included 
in this section, but owing to the slow growth of crops through the winter 
months it will not be possible to do more than to make a preliminary 
report on this phase of the problem. 

Throughout the study included in this divi^on, the glass battery jars 
were utilized with success and the same quantity of sand employed as 
previously noted — namely, 4,800 gm. per pot. For all the cultures grown 
in the dextrose section, the sand was leached with dilute hydrochloric 
acid. 

The first series reported below was outlined primarily to secure data 
on the value of rock phosphate alone and in conjunction with dextrose 
for rye and clover. It will be observed that the applications of the rock 
phosphate and the dextrose were made on the percentage basis. In 
order to hasten fermentation, an infu^n from a rich soil was a port of 
the treatment. This series was planted on April 12, 1913, and harvested 
on August 19, 1913. 

Since dextrose applied at the rate of 48 gm. per pot injured the rye and 
destroyed the clover, a point of importance to dedde was what quantity 
would not injure plant development, but would assist in the liberation ^ 
phosphorus. With this point in mind, series 6 was planned. The 
planting was done on Junesi, 1913, and the crop harvested on December 
I, 1913, (See Table XI.) 

The dextrose in series 5 had no beneficial inSuence. If the average of 
pots 7, 8, and 9 is compared with the results from either set of pots i, 2, 
and 3 or pots 4, 5, and 6, it will be evident that the dextrose is harmful. 
Clover failed to make growth where the dextrose was added, but did 
fairly well on the pots which received rock phosphate alone. 



.dbyGoogle 



jBDCA >«i6 Mineral Phosphates and Plant Nutrition 503 

The data in Table XI show that dextrose f^ls to be of any particular 
advantage for rendering phosphorus avulable for the growth of rye and 
dover. Even smaU quantities of this material killed clover. 
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Rye and clover were replaced in series 7 (Table XII) by cowpeas, with 
the feeling that the latter crop might respond more readily to various 
treatments (PI. LXXVII). The cowpeas were planted on July 4, 1913, 
and harvested on October 3, 1913. 

The cowpeas grown in series 7 show clearly that so small a quantity of 
dextrose as 4.8 per cent was injurious to plant growth. Where dextrose 
was appHed, smaller quantities of phosphorus were assimilated, due, no 
doubt, to the injury of the plant by the acids formed from decomposing 
dextrose. However, the percentage of phosphorus increased as the 
quantity of the fermentable substance was increased. 
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Rye, clover, and cowpeas failed to thrive wherever the smallest quan- 
tity of dextrose was present. There is but little doubt that this destruc- 
tive influence is due to the decomposition of dextrose. If this conclusion 
be true, a liberal use of calcium carbonate' should neutralize the adds 
developed, and a normal growth of the plants should result. Series 8 
(Table XIII) was designed for determining what influence calcium car- 
bonate would have in stimulating plant growth by producing an alkaline 
medium and to ascertain whether calcium served as a food. 
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Series 8 shows that dextrose in conjunction with caldum carbonate 
did not give as good results as raw rock phosphate alone, and that 
10 gm. of calcium carhonate was not sufBdent to nullify the harmful 
in&uence of the dextrose. 

Series 9 (Table XFV), wnich follows, is just the same as series 8 
except that cowpeas are substituted for rye, the object being to deter- 
mine the relative response of rye and cowpeas to the different treatments. 
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Series 9 shows that brown rock phosphate, dextrose, and a limited 
supply of caldum carbonate failed to give as good results with cowpeas 
as raw phosphate alone. For further comparison see Plate LXXVIII. 

Thus far it has not seemed necessary to ttse caldum carbonate alone, 
because it was thought that the plants would get enough caldum, for 
full growth from the phosphate, however, in order to avoid criticism at 
this point caldum carbonate was added to certain pots in the following 
series. The quantity of this compound was increased to 48 gm. per pot, 
which is almost five times as much as the application in the preceding 
series. 

By making a comparison of the pots which recdved raw rock phos- 
phate alone and those which recdved raw rock and caldum carbonate 
veiy little difference in the yield is observed, only 0.6 gm. more in favor 
of the addition of the lime compound. There is no strong evidence in 
Table XV to show that the omission of caldum was a mistake. Where 
lime was applied with rock phosphate and dextrose, the injury by dex- 
trose reported earlier was nullified by the application of lime (PI. 
LXXIX and LXXX). 

Attention is called to the percentage of phosphorus in the cowpea hay 
grown in the pots which recdved soluble phosphorus. 
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Tabu XV. — Dry matter productd >ft eovpeas by TVnncum brovm rock photphatt vid 
tlu additiQK of dexltoM and cakimn carbonate — seritt 10 
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Under the conditions of this experimen*, fermenting dextrose was a 
failure in bringing about the liberation of phosphorus. Since the use 
of crop readues is a common farm practice for supplying organic matter, 
which is said to aid in the liberation of phosphorus, the series next re- 
ported was planned with timothy hay and clover substitutes for dextrose. 

Timothy and clover cultures on which data are reported in Table III 
are used for this phase of the problon. Of the duplicate pots the hay 
from one was taken for analytical study, while the product of the other 
was ground and returned as organic matter. This series (Table XVI) 
shows the original treatment with the quantity of air-dried hay turned 
under. The contents of the pots to which organic matter was added 
were turned out and the ground material thoroughly incorporated with 
the sand on December 3, 1914. On January 33, 1915, the pots were 
planted to the respective crops. They were harvested on April 17, 1915. 

The organic matter with phosphate in the above series gave larger 
returns in most cases than where the phosphate was alone. This increase 
is probably due to the liberation of phosphorus by the decaying reddues 
or the organic phosphorus in the crop residues themselves. 
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> S« isia I. Table* n to VI. 

INFLUENCE OP SIZE OF PARTICLES ON THE AVAILABILITY OP PBOS- 
• PHORXJS IN MINERAL PHOSPHATES 

The degree of fineness of rock phosphate particles has been held by 
many investigators to be an important factor in the av^lability of 
mineral phosphates. Dr. Jordan, of the New York Experiment Station, 
showed rather conclusively that plants supplied with very finely ground 
rock phosphate contained more phosphorus and produced a greater 
quantity of dry matter than those supplied with the coarser grades. For 
the purpose of determining a comparative value of the same rock when 
groimd very fine to that left in particles of a larger size, series 12 (Table 
XVII) was begun. As a check on the rock which was obtained from the 
Mount Pleasant mills some lump rock from the same source was secured 
and ground. These results are reported along with the data on the 
influence of the size of particles on the availability. 

TablB XVll.—RelaU 
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Pots 5 to lo, indlusive, received the ground rock phosphate as it was 
obtained from the mills. The degree of fineness varied from that passing 
a sieve 80 to 100 meshes to the inch to that which would g& through a 
sieve of 200 meshes to the inch. Pots 17 to 22, inclusive, received the 
ground phosphate which was shipped in the lump form and afterward 
ground to the same degree of fineness as that ground at the mill. 

There is a tendency for the dry matter to increase as the degree of 
fineness increases. The phosphate received from the mill in lump form 
was slightly better than that sent to us in a ground condition. 

DISCUSSION 

Under the conditions of these experiments a fairly large portion of the 
phosphorus in brown rock phosphate was available for plant growth. 
The quantity was variable, depending upon the crops and the circum- 
stances attending the full development of the plant. The data show 
only a very small amount of phosphorus soluble in water and plant food 
solutions. It is clear that other factors which might bring about avail- 
ability must be considered. The sand cultures contained very little 
organic matter; hence; these slight fermentable substances should not be 
omsidered. There is nothing left but the plant for our examination and 
there is abundant proof that the plant itself is a significant item. Since 
plants excrete large quantities of carbonic add, there is but little question 
that this substance plays the primary roll in the liberation of phosphorus. 

The reactions with carbon dioxid which occur when tricaldum phos- 
phate is put into sand cultures of the kind described in these pages may 
be shown in the following manner: 

(I) W _ ^ (3) 

(A) C0,+H,Ol='H,CO,s=>H*+HC0,<=!H**+C0, 

Gaseous In solution 

(4) <^' ssa 

(B) Ca,(POJ,ciCa,(POJ,rf3Ca"+2PO, 

Solid In solution. 

When A and B are mixed, the following equilibria develop: 

^ (6) 

(C) PO, + H* H PO, (The ion of reverted phosphate) 

(7) 

HPO,+ H+<^H^j (The ion of soluble phosphate) 

(8) 

H,PO,+ H*I=!H,PO, 
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Equations A and B make it evident that the hydrogen ion concentra- 
tion for the various acids will determine the course of the reactions ren- 
dering the rock phosphate available. The hydrogen ion concentration 
is made up of two factors — namely, the concentration and the strength 
of the add. Obviously under the conditions of these experiments satu* 
rated solutions of rock phosphate and carbonic add are employed. The 
relative insolubility of the rock phosphate tends to decrease greatly the 
ooncentration rf the H+ from dtber 6, 7, or 8. The relatively greater 
solubility of the caldum bicarbonate, since it furnishes HCO„ would 
also tend to decrease the H+ concentration from carbonic add, but this 
factor of common ion effect is of far less importance upon the concen- 
tration of the H'*' from H,CO, than the solubility of the tricaldum phos- 
phate upon equations 6, 7, and 8, especially since the Ca++ from the 
Ca(HCOi)) is removed by plants. 

Assuming equivalent or unit concentrations of the substances H,CO„ 
H^O*. H^PO,, and HPO^ are present— that b, eliminating the factor of 
concentration of the substances produdng the H — the relative strength 
of these adds is given by their ionization constants, thus: 

(i)» H,CO,i='H*+HCO, Ka'"' 3.0X10-^ 

(6) HPO, i^P04-f-H+ Ka"* 3.6X10-" 

(7) H,POt^HPd,+ H* Ka"* 1.95X10^ 

(8) H,P0.i^i5P0«+H* Ka"" i.i X io-» 

The mass law for monobasic adds (HAc) has the foim 

_ (Cone H^) (Cone Ac ) „. ,.-.,,■ , ^ 

Ka=-^ p — ' T JY '■ Since the acids of equations i, 6, and 

7 are weak adds (Ka<io~*), the mass law assumes the form 
Ka=(Conc H*) (Cone Ac) = (Cone H*)', because the concentration of 
HAc is practically unity. The concentrations of H+ for these equations 
at 18° Care for: 

(1) V3X io-' = 5.5X 10-* for C(»H+ 

(6) V3-6X io-"=6X 10-^ for C<"H+ 

(7) Vi-95X io-'=44X 10-* for Cf'>H* 

For the first hydrogen of H,POj the above expression can not be 
used, since the amount H3PO, compared to its ions is small rather than 

large. Here the mass law must be used in its true form, K — _ , where 

C is equal to the initial concentration of HjPO^ and oc degrees of ioniza- 
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tion. For the purpose cc is taken equal to 90 per cent, from which the 
concentration of H is calculated thus: 

Ka'**="^I^' ^'^e^e (C) = Ka^i^^'=concentiuUon of H. 



. concentration of H^(C'"H^) " ^'^ ^ ■°"'(o-^) _ 



- 1 X 10-^ 



0.9 0.9 

o.ooi. 

It is seen that only the fiist H of H,PO« can fumish a greater concen- 
tration of H"^ than H^CO, for equivalent concentrations. In the actual 
experiment the concentration of HjPO, is much less than that of I^CO,. 
However, the availability of the rock phosphate by means of I^CO, ia 
not conditioned by the Hberation of free H,PO| according to equation 8. 
Equation 6 or 7 is driven in the direction to remove H*, woiild render 
the tricalctum phosphate more available, but a reaction between ions pro- 
ceeds if a lesser ionized product be formed. Calculations of the H**" con- 
centration for equations i, 6, and 7 shows that for equivalent concentra- 
tions the H^ from carbonic acid is greatly in excess of the H'*' concen- 
tration for equations 6 and 7. So if equations i, 6, and 7 are present 
simultaneously HPO| and H1PO4 of equations 6 and 7 would be formed 

by the union of H* of H,CO, with PO, and HPO,, respectively, thus 
causing more Ca,(POt)] to dissolve to reestablish the equilibria for 
equations 6 and 7. It is a fact, however, that a greater concentration 
(A H,CO, is present than any of the ionizing substances, as HPO^, HiPO*, 
or H^O^. This would increase the rate of availability of the trical- 
aum phosphate. 

These calculations are borne out by the fact that more Ca,(POJ, 
dissolved in water containing HjCO, than in pure water. Seidel's 
solut»lity tables state that i liter of water saturated with HjCO, dis- 
solves 0.15 to 0.30 gm. of Ca»(POj), at 25°, while i liter of pure water 
dissolved only 0.01 to 0.10 gm. of Ca,(POJ, at 25". 

Reactions 6 and 7 may be shown in the oonionic form as follows: 

Ca,(POJ,-f-2H,C0it:?:a,H,(P0J,+CaH,(C0,), or 
Ca,(P0,), + 2H,C0,t:;Ca,CHP0,(,+Ca(HC0,), 
Ca,H,(P0J,-|-3H,C0,;i!CaH,(P0J,+CaH,(C0i), 
i i 

or or 

Ca{H,PO^, Ca(HCO»), 

In the first equation calcium is found in a form readily assimilated by 
' plants, and in the second the monocalcium phosphate is in a very assimil- 
able form. On this equation we have based our belief that there is no 
necessity for applying lime to sand cultures to which had previously been 
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added raw rock phosphate. When the caldum bicarbonate and mono- 
calcium phosphate are both removed fiom the medium of growth by 
plants, the reaction is driven rapidly to the right. Mass relationship in 
a mixture of this kind confirms such an interpretation as the one presented 
above. Our first assumption, that plants should get their caldum from 
rock phosphate in the same manner that they get thdr phosphorus, is 
supported at several points in this work. This must be so, since the 
caldum is furnished by the caldum salt of phosphoric add or by the 
bicarbonate. There was no greater growth when caldum carbonate was 
added than where raw rock alone was used. In fact, the growth might 
be even less, since caldum carbonate might furnish a greater concentra- 
tion of Ca.(HCO,), or HCO„ which might decrease the concentration of 
H from equation i, thus decreasing the rate of the availability of rock 
phosphate. 

The most marked feature of the investigation is the difference of the 
availability of the various minerals. The fact that the crop yields 
increase as the application of the brown rock phosphate was increased 
indicates that a portion of the phosphorus was readily assimilated while 
the plants were young, and that by the time these plants became well 
established they were able to utilize the more insoluble form. If we are 
to assume that a part of the phosphorus is of animal origin, this position 
probably is more tenable, or on the other hand, through long years of 
weathering the compound had been so changed that a portion was more 
easily taken up by plants than before weathering began. 

There is an indication that the crops grown first took up the more 
available phosphorus and that the second crop made very slow growth 
because the more soluble phosphorus was removed by the first crop and 
nothing left but the rather insoluble for later crops. These points have 
proof from the cowpeas on the large application series and the dover on 
the crop residue series. 

Brown rock phosphate and Florida soft rock phosphate lead the others 
in supplying available phosphorus for plant nutrition, especially for dover. 
The brown rock phosphate leads for all the crops. These two phos- 
phates gave the largest quantity of phosphorus soluble in water and 
plant-food solutions. The results indicate a relation in solubility in 
plant-food solution and the availability for plants. 

The difference in the assimilation of these phosphates can not be 
attributed to the degree of fineness of the particles, ^ce they were all 
ground, so that the entire sample passed through a sieve of 100 meshes 
to the inch. If the degree of fineness influenced the results, the differ- 
ences then come from the size of partides, which were smaller than those 
found in commercial phosphates. 

The variation in the agricultural value of the dx mineral phosphates 
studied is difficult to explain. Hidr productive powers seemed not to 
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have any direct relation to the amount of phosphorus which they con- 
tained. Brown rock, which had the smallest amount of phosphorus, 
produced the most satisfactory 3'ields. The differences must be attrib- 
uted to modes of formation and weathering since the minerals were laid 
down. 

SUMMARY 

(i) Fbosphonis in rock phosphate can be assimilated by farm crops 
in sand cultures under greenhouse conditions, even in the absence of 
decaying re^dues. 

(2) Crop residues, when employed in conjunction with brown rock 
phosphates, were beneficial. 

(3) Tennessee brown rock phosphate, Florida soft rock phosphate, and 
Teimessee blue rock phosphate in the heavier applications proved superior 
to South Carolina land rock phosphate, Utah rock phosphate, and 
Canadian apatite, for oats, clover, and cowpeas when grown in sand. 

(4) The phosphorus in brown rock phosphate and Florida soft rodt 
phosphate was more soluble in water and in plant-food solutions than 
the phosphorus in other mineral phosphates. The superiority of these 
two phosphates over the others tested is shown chiefly by the first crop. 

(5) Chemical analyds showed that the plant-food solutions applied 
did not appreciably modify the results. 

(6) The cereals produced as satisfactory 3'ields as the legumes. 

(7) The crop jnelds tended to increase as the application of rock 
phosphate increased up to a point where the dze of the pots seemed to 
be a limiting factor, apatite being the only exception. 

(8) The plants obtained their calcium, as well as their phosphorus, 
from brown rock phosphates. No better results were secured when 
calcium carbonate was applied than when rock phosphate alone was 
used. 

(9) There was no particular relation between the dtric-add-soluble 
phosphorus and the availability of these phosphates for plants. 

(10) Dextrose, when used as a fermentable substance, was harmful, 
(ri) The degree of fineness is a factor which determines to some 

extent the availability <rf rock phosphate, as indicated by the brown 
rock. 

(12) These investigations extended over a period of 3X years, and 
embrace results from 700 pot cultures and 400 phosphorus determinations. 
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PLATE LXXIII 

Effect of vaiyn^ quaatitiea of TetmeMee brown rock phosphates o 

F^- I,— Spring wheat. (Table II, Series lA.) 
Fig. 1. — ^xty-Day oats. (Table 11, aeries iB.) 
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Effect of vaiylng qtuatities of Teimessee brown rock phosphate on plant growth: 

F"ig. I. -Barley. (Table VI.) 

fig. 3.— Timotlir. (Table III, series lE.) 
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PLATE LXXV 
Effect of vaiymg quantities of Tennessee brown rock phosphate on plant grow 

Fig, 1.— Cowpeas. (Table IV, series iF.) 

Pig. a. — Soybeans. (Table IV, series iG.) Photograpbed just before cutting. 

Fig. 3.— Red clover. (Table III, seriea iH.) 

Fig. 4.— Alfalfa. (Table V.) Ffaotographed bcfoK first cutting. 
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PLATE LXXVl 

Eflect (rf different kinds of mineral pho^hate applied in dtSePent quantities for 
red clover. (Table VII.) Photograped just before fint cutting. 
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PLATE OOCVII 

Cowpeas, showing the comparative effect of Tennessee bionn rock phosphate akme 
and in combination with dextrose. (Table XII.) 
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PLATE LXXVIII 

Cowpcas, abowiag tbx ocnnparisoii of tbeir growth when treated with Tennessee 
bromi lock phosphate, phosphate and dextrose, and phosphate, dextrose, and calcium 
carbonate. (Table XIV.) Photographed just before harvesting. 
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PLATE UCXDC 
Effect of different nibstances on the growth ^ cowpeaa: 

Fig. I . — Growth after the addition of varying quantities of raw rock. (Table XV.) 
Ftg. 3 .—Growth after the addition of dextrose and soluble phosphate. (Table XV.) 
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Plate LXXX 
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PLATE LXXX 

Effect of various substances aOd combinations on the growth of cowpeas: 

Fig. I. — Effect of adding lime, phosphate rock, dextrose and lime, and phosphate 
rock, dextrose, and lime to the soil. (Table XV.} 
Fig. a. — Effect of adding nothing, lime, phosphate rock, and phosphate rock and 
, lime to the soil. (Table XV.) , 
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